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Chromium VI and stomach cancer: a meta-analysis
of the current epidemiological evidence

Roberta Welling,' James J Beaumont,? Scott J Petersen,? George V Alexeeff,2

Craig Steinmaus’

ABSTRACT

Objectives Chromium VI (hexavalent chromium, Cr(VI))
is an established cause of lung cancer, but its
association with gastrointestinal cancer is less clear. The
goal of this study was to examine whether the current
human epidemiological research on occupationally
inhaled Cr{Vi) supports the hypothesis that Cr(VI) is
associated with human stomach cancer.

Methods Following a thorough literature search and
review of individual studies, we used meta-analysis to
summarise the current epidemiological literature on
inhaled Cr(Vl) and stomach cancer, explore major
sources of heterogeneity, and assess other elements of
causal inference.

Results We identified 56 cohort and case—control
studies and 74 individual relative risk (RR) estimates on
stomach cancer and Cr{VI) exposure or work in an
occupation associated with high Cr(VI) exposure
including chromium production, chrome plating, leather
work and work with Portland cement. The summary RR
for all studies combined was 1.27 (95% Cl 1.18 to
1.38). in analyses limited to only those studies
identifying increased risks of lung cancer, the summary
RR for stomach cancer was higher (RR=1.41, 95% C
1.18 to 1.69).

Conclusions Overall, these results suggest that Cr(V)
is a stomach carcinogen in humans, which is consistent
with the tumour results reported in rodent studies.

INTRODUCTION
Inhalation of hexavalent chromium (Cr(VI)) has
occurred in a number of industries, including
leather tanning, chrome plating, cement work and
stainless steel welding and manufacturing,
Numerous studies have identified associations
between lung cancer and inhaled Cr(VI) in occupa-
tional settings, and the International Agency for
Research on Cancer has classified Cr(VI) as a group
I carcinogen, based primarily on studies of chro-
mate production, chromate pigment production
and chromium electroplating involving high expo-
sures.” Given that the lung is directly exposed to
inhaled Cr(VI), it is not surprising that this organ is
a target site. However, several studies suggest that
Cr(VI) may also have carcinogenic effects in other
internal organs, including the gastrointestinal tract.
The issue of whether Cr(VI) causes gastrointes-
tinal cancer has implications not only in exposed
workers, but also in people who ingest Cr(VI) in
drinking water. In a recent survey of 35 large US
cities, Cr(VI) was detected in 89% of the water
systems tested.” All levels were below the US
Environmental Protection Agency’s (US EPA)

| What this papet adds

» Few studies have investigated the possible
association between exposure to hexavalent
chromium (Cr(Vi)) and cancers other than
respiratory cancers.

» This meta-analysis includes many more results
than previous meta-analyses of Cr(Vl) exposure
and stomach cancer.

» Studies that were positive for lung cancer,
which may indicate higher exposures, produced
a higher summary relative risk for stomach
cancer than the full meta-analysis.

» Possible mechanisms by which Cr(Vl) might
induce carcinogenesis are biologically plausible.

regulatory standard for chromium of 100 pg/L.
However, this standard is based on a health risk
assessment over 20 years old and is for total chro-
mium (Cr(VI) and Cr(Ill) combined), not the more
toxic Cr(VI). Based at least partially on its possible
carcinogenicity in the gastrointestinal tract, US EPA
and others are in the process of evaluating the need
for a new Cr(VI) drinking water standard. To date,
however, the evidence linking Cr(VI) to gastrointes-
tinal cancer comes primarily from animal studies
and questions have been raised about their rele-
vance to humans. Our goal was to evaluate
whether evidence from human studies supports the
hypothesis that Cr(VI) is a cause of gastrointestinal
cancer.

We performed a meta-analysis of human studies
of Cr(VI) and stomach cancer in order to provide a
review of the current literature, evaluate causal
inference, and assess potential sources of bias and
heterogeneity. Although we examined several types
of gastrointestinal cancer, including oesophageal,
small intestine and colon cancer, initial analyses
showed that the greatest number of studies and
clearest associations were seen for stomach cancer;
thus, stomach cancer is the focus of this
meta-analysis,

METHODS

Databases including Medline and EMBASE were
searched by two authors independently (RW and
CS) for all epidemiological studies on Cr(VI) and
stomach cancer (ICD-9 code 151). Searches
included combinations of the keywords or phrases:
stomach, gastric, gastrointestinal, cancer, chro-
mium, leather, tanning, stainless steel, cement,
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concrete, welding and metal plating. We also searched bibliog-
raphies of all publications included in the meta-analysis and all
relevant review articles. '

The meta-analysis included studies that provided relative risk
(RR) estimates either specifically for Cr(VI) exposure or for
workers in occupations known to be associated with Cr(VI)
exposure, including chromate or chromium production and
plating; leather work and tanning; Portland cement work; and
stainless steel production, welding, polishing and grinding. Very
few human studies have examined Cr(VI) in drinking water.
Owing to this, and in order to maintain consistency by route of
exposure, we excluded drinking water studies from the
meta-analysis and review them in the discussion.

Only data published in peer-reviewed scientific journals were
used, and government or industry reports were excluded.
Studies of general foundry work and construction were also
excluded because exposure is most likely low in many of these
workers. Studies of asbestos cement workers and studies of shoe
manufacturing, welding and metal plating that did not specific-
ally evaluate chromium, stainless steel or leather workers were
also excluded. Studies that reported no cases of stomach cancer
were also excluded because of the inability to calculate a vari-
ance estimate, although this exclusion was evaluated in sensitiv-
ity analyses. In a few instances, a single paper reported separate
RR estimates for men and women, or separate RR estimates for
workers in different job categories or at different worksites. In
these instances, we included all relative risks meeting our inclu-
sion criteria when no clear overlap was present. We used Byar’s
approximation to estimate Cls in cohort studies in which they
were not provided.’ Each study was reviewed, and RR estimates
and other information were abstracted independently by two
authors (RWand CS).

Some studies gave RR estimates for several different metrics
of Cr(VI) exposure, such as average exposure, peak exposure or
exposure duration. In observational epidemiology, it is uncom-
mon for all, or even most, studies to report findings using the
same exposure metric. As a consequence, meta-analyses fre-
quently involve combining data on different metrics. This
meta-analysis is no different. When studies included RR esti-
mates for different exposure metrics, we selected a single one in
the following order: average exposure intensity, cumulative
exposure and exposure duration. We chose this order a priori
since analyses of other carcinogens have shown that exposure
intensity may have a greater impact on cancer risks than expos-
ure duration.’ * Several studies also reported relative risks for
different levels of exposure (eg, high, medium, low). Since our
goal was to evaluate whether an association exists, rather than
defining exact dose-response relationships or exact low expos-
ure risks, we selected the RR for the highest exposure category.
If a true association exists, higher exposures will usually be asso-
ciated with higher relative risks, and higher relative risks, all else
being equal, have greater statistical power and are less likely to
be due to bias or confounding than relative risks near 1.0. 7
The selected studies reported incidence rate ratios, ORs, stan-
dardised incidence ratios (SIRs) standardised mortality ratios
(SMRs) or proportionate mortality ratios (PMRs). Some studies
reported RR estimates adjusted for variables such as smoking,
and these were used when available. For studies reporting data
on incidence and mortality, incidence data were selected. Some
studies reported results for different latency periods (ie, the
time from first exposure to cancer diagnosis or death). Since
many environmental agents can take decades to lead to detect-
able cancers, we chose the result for the longest latency, up to a
maximum of 30+ years. For many cohort studies, publication

of initial results was followed by updates, usually extending the
period of follow-up. In these, we used the most recent publica-
tion giving the selected exposure metric or the largest number
of cases. In a few publications of cement and leather work, Cr
(VD) exposure was not specifically mentioned by the authors.
These were included if the work processes described were those
known to involve Cr(VI) exposure (eg, tanning or Portland
cement). Inclusion and exclusion criteria are summarised in
box 1.

In order to explore heterogeneity, we performed subgroup
analyses on specific occupations, study design, incidence versus
mortality, gender and country. Since it is possible that Cr(VI)

| Box1 - Criteria forindusion and exclusion of studies in
| theimeta-analysis oFCi{ul) and stomachieancer

Inclusion criteria

» Epidemiological studies of stomach cancer and Cr{Vl)
exposure or work in an occupation known to be associated
with Cr{V]) exposure including chromate or chromium
production and plating; leather work and tanning; Portland
cement work; and stainless steel production, welding,
polishing and grinding

» Studies providing a relative risk estimate (including incidence
rate ratios, ORs, standardised incidence ratios, standardised
mortality ratios or proportionate mortality ratios) and the
relative risk estimate’s variance (or the data to calculate or
estimate it)

» Published in peer-reviewed scientific journals

» If relative risk estimates are provided for different exposure
metrics in a given study population, one metric was selected
in the following order: average intensity, cumulative
exposure, exposure duration

» I relative risk estimates are provided for different exposure
levels in a given study population, the relative risk estimate
for the highest level was selected

» Relative risk estimates adjusted for age, sex, smoking, diet
and/or socioeconomic status were selected over unadjusted
results

» [f relative risk estimates for both stomach cancer mortality
and incidence are reported in a given study population, the
result for incidence was selected

» If relative risk estimates for different latency periods are
reported in a given study population, the result for the
longest fatency period up to a period of 30+ years was
selected

» For studies or relative risk estimates with overlapping
populations, the most recent relative risk estimate with the
selected exposure metric (eg, exposure intensity vs
cumulative exposure; high vs low expasure fevel) or largest
number of cases was selected

Exclusion criteria

» Unpublished data inciuding government or industry reports

» Occupations such as painting, general foundry work,
construction and shoe (non-leather) manufacturing

» Welding or metal plating studies that did not evaluate

stainless steel or chromium work

Studies involving work with asbestos cement

Studies of all gastrointestinal cancers combined

Studies of Cr{Vl} in drinking water

Studies reporting no cases of stomach cancer
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exposures were too low in some studies to identify a true associ-
ation, we conducted separate analyses of Cr(VI) and stomach
cancer that included only studies in which elevated relative risks
were identified for lung cancer, a well-established effect of high
Cr(VI) exposure. In this analysis, since statistical significance is
highly dependent on sample size (not just the presence of a true
effect), we included all studies in which the RR of lung cancer
was 21.5 regardless of statistical significance. Several subgroup
and other analyses were done to evaluate potential confounding
(eg, from smoking) and to compare our meta-analysis to other
recent meta-analyses on this topic.

We calculated summary RR estimates using the fixed and
random effects models.” * We assessed heterogeneity among
studies using the general variance-based method as described by
Petitti.'” Statistical heterogeneity was defined as present if the p
value of the 3 test statistic was below 0.05. Some authors have
suggested that because the random effects model incorporates
between-study heterogeneity, it is more conservative than the
fixed effects model.'” However, a potential problem with the
random effects model is that, unlike the fixed effects model,
study weighting is not directly proportional to study precision.
As a consequence, the random effects model gives relatively
greater weight to smaller, less precise studies than the fixed
effects model. This can sometimes lead to summary results that
are less conservative than those produced using the fixed effects
model.'" To avoid this problem, we used the method presented
by Shore et al'’ for our main results. In this method, the
summary RR estimate is calculated by directly weighting individ-
ual studies by their precision, and between-study variability is
only incorporated into calculations of variance (ie, the 959 CI).
We assessed publication bias using funnel plots and Egger’s and
Begg’s tests.'’ ' The funnel plot is a graphical presentation of
each study’s effect size versus an estimate of its precision. This
plot can be asymmetric if smaller studies with results that are
null or in the unexpected direction are not published. In Egger’s
test, asymmetry in the funnel plot is formally tested by perform-
ing a simple linear regression of the effect size divided by its SE
on the inverse of the SE. In Begg’s test, Kendall’s rank order test
is used to evaluate whether there is a correlation between the
studies’ effect sizes and their SEs. All calculations were per-
formed using Microsoft Excel 2010 or STATA V12 (College
Station, Texas, USA) and all p values are two sided.

RESULTS

In total, 74 RR estimates, from 56 separate publications, met
our inclusion criteria and were included in the meta-analysis
(see online supplementalary table $1). Overall, 63 results (85%6)
were selected from cohort studies and 11 (15%) from case—
control studies, and the meta-analysis involved studies that
included 1399 cases of stomach cancer. Eighteen studies (2496)
involved chromium production or plating, 23 (31%) involved
cement workers, 17 (239) involved leather work including
tanning, four (5%) involved Cr(VI) or stainless steel welding,
and 12 (169%6) involved other occupations such as ferrochro-
mium or other stainless steel work. Studies excluded from the
meta-analysis and the reasons for their exclusion are shown in
online supplementalary table 2.

The summary relative risk for all studies combined was 1.27
(95% CI 1.18 to 1.38; p<0.001; table 1). A forest plot summar-
ising the results and weights applied to each study is shown in
figure 1. Seventy per cent of the individual RR estimates in the
overall analysis were >1.0. No single RR estimate received more
than 14% of the total weight showing that no single study
dominated the assigned weights. Summary relative risks were

Review

elevated for cement (1.29; 9596 CI 1.17 to 1.42) and leather
work (1.46; 95% CI 1.23 to 1.72) but not for welding (1.06;
959 CI 0.72 to 1.56). For studies of Cr(VI) production and
plating, the summary RR was above 1.0 (1.25; 95% CI 0.97 to
1.60), but the 95% CI included 1.0. Summary relative risks
were higher in case—control (1.55; 95% CI 1.16 to 2.07) than
in cohort studies (1.26; 95% CI 1.16 to 1.37), males (1.30;
95% CI 1.20 to 1.41) than in females (1.08; 95% CI 0.65 to
1.81), and in studies of mortality (1.39; 95% CI 1.24 to 1.57)
than in studies of incidence (1.17; 9596 CI 1.07 to 1.29), but
differences were only statistically significant when studies of
incidence and mortality were compared (p=0.02). In the
studies that identified Cr(VI)-associated lung cancer relative risks
21.5 (the proxy measure for probable higher exposure), the
stomach cancer summary relative risk was 1.41 (95% CI 1.18 to
1.69; p<0.001) in all studies (figure 2) and 1.36 (95% CI 1.01
to 1.81; p=0.04) in Cr(VI) production and plating studies. The
variables adjusted or stratified for in each study are shown in
online supplementalary table §1. Only nine studies adjusted for
some indicator of smoking, diet or socioeconomic status (SES),
and the RR for these studies was 1.31 (1.01 to 1.69). Results in
almost all analyses were similar regardless of whether the
random effects model or the fixed effects model with the cor-
rection for between-study variability was used. For example, in
the meta-analysis of all studies combined, the results using these
two models were 1.28 (95% CI 1.16 to 1.41) and 1.27 (95%
CI 1.18 to 1.38), respectively.

We saw no evidence of asymmetry in the funnel plot of all
studies combined (figure 3), or in the funnel plots of each sub-
group analysis (not shown). Egger’s and Begg’s tests also
showed no consistent evidence of publication bias. For example,
in the all studies combined analysis, the bias coefficient for
Egger’s test was 0.16 (p=0.55). In the analysis of all studies
with lung cancer relative risks 21.5, the Egger’s bias coefficient
was 0.22 (p=0.64).

DISCUSSION

The overall summary relative risk of 1.27 (95% CI 1.18 to
1.38, p<0.001) provides evidence that Cr(VI) inhalation
increases the risk of stomach cancer. The narrow Cl, excluding
1.0, and the low p value provide evidence that this result is not
due to chance. A major finding here is that the summary relative
risk for stomach cancer was elevated in those studies in which
Cr(VI)-associated lung cancer relative risks were also elevated,
both in the analysis of all job categories combined (summary
relative risk=1.41; 1.18 to 1.69; p<0.001) and in the analysis
of chromium production and plating studies (summary relative
risk=1.36; 1.01 to 1.81; p=0.04). Since Cr{VI) exposures, in
general, are likely to be higher in those studies where increases
in lung cancer were found, the presence of a positive lung
cancer finding may be a valid surrogate for high Cr(VI) expos-
ure. As such, these latter findings provide additional evidence
that the positive findings seen in this meta-analysis are due to
Cr (VD).

Statistically significant heterogeneity was seen in the
meta-analysis of all studies combined (x?=139.6, p<0.001),
and the CIs of several studies did not include the summary rela-
tive risk. However, we did not see statistically significant hetero-
geneity in most other analyses performed, including the analyses
of studies with elevated lung cancer risks (y*=22.6, p=0.31). In
observational epidemiology, study designs, populations,
methods of assessing exposure and outcome, and statistical ana-
lyses are rarely, if ever, the same. As such, some variation across
study results is expected. The fact that statistical heterogeneity

Welling R, et al. Occup Environ Med 2014;0:1-9. dol:10.1136/0emed-2014-102178
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Table 1 Resuits of the meta-analysis of Cr(Vl) exposure and stomach cancer

Shore
e ] Fixed effects model adjusted Cl Random effects model Heterogeneity
cases results* RRs Ch Cly Ch Cly RRs [« Cly 7 pValve P (%)

All studies 1399 74 1.27 1.20 1.35 1.18 138 1.28 1.16 141 139.6 <0.001 4.7
Job type

Production or plating 13 18 1.25 1.02 1.53 0.97 1.60 1.25 0.95 1.65 259 0.08 344

Cement work 903 3 1.29 1.20 1.38 1.17 142 137 1.21 154 427 0.005 484

Leather work 237 17 146 127 1.67 1.23 1.2 133 1.08 164 236 0.10 321

Welding N 4 1.06 0.72 1.55 0.72 1.56 1.08 0.72 1.56 3.0 0.39 08

All other 115 12 0.96 0.79 1.17 0.69 133 1.12 0.78 1.60 nz <0.001 65.3
Study design

Case-control 130 1" 1.55 1.16 2.07 NA NA NA NA NA 82 0.61 NA

Cohort 1269 63 1.26 1.19 1.34 1.16 137 125 1.13 1.39 129.6 <0.001 52.2

PMR studies 353 10 1.60 143 1.78 1.43 1.78 1.60 143 1.79 923 oM 29

SMR studies 293 2 114 1.00 1.29 0.95 1.36 1.17 0.96 143 615 <0.001 49.6

Other 623 21 1.16 1.07 1.26 1.04 1.29 1.17 1.03 134 336 0.03 404
Incidence vs mortality

Incidence studies 738 30 1.17 1.09 1.27 1.07 129 .21 1.07 136 41.1 0.07 294

Mortality studies 661 44 1.39 1.28 1.51 1.24 1.57 132 1.14 1.53 898 <0.001 52.1
Gender

Males only 1258 59 1.30 1.22 1.38 1.20 14 133 1.19 147 112.8 <0.001 48.6

Females only 23 6 1.08 0.72 1.63 0.65 1.8t 1.14 0.61 2.11 8.0 0.16 374
Lung cancer RR >1.5

All studies 170 N 1.41 1.19 1.67 1.18 1.69 14 1.16 1N 226 0.31 1.4

Production or plating 78 13 136 1.06 1.73 1.01 1.81 131 0.96 1.80 169 0.15 29.0
Country, region

Europe 859 48 1.16 1.08 1.25 1.06 127 1.20 1.06 135 78.2 0.003 39.9

North America 419 16 1.50 1.36 1.66 1.3 1.72 147 1.24 1.75 279 0.02 46.3

Asia 221 10 1.34 1.10 1.62 1.03 1.74 1.3 0.94 1.81 16.7 0.05 46.1

*Some publications provided two or more results that met the inclusion criteria but did not invoive averlapping populations (eg, separate resuits for males and females).

Cl., lower 95% CI; Cy, upper 95% Ck P, the percentage of total vaniation across studies due to heterogenelty rather than chance; NA, not applicable (Shore adjusted Tl (applied to the
fixed effects RR) and the random effects modat are only used when the ¥* heterogeneity statistic is greater than the number of individual study results minus one); PMR, proportionate
mortality ratio; RR, relative risk estimate; RRs, summary refative risk SMR, Randardised mortality ratio; ¥, * heterogeneity statistic.

was not present in most of the subgroup analyses we performed
highlights the overall consistency in many of these results. This
consistency is supported by the fact that the large majority of
individual RR estimates are >1.0. For example, in the analysis
of all studies combined, 52 of 74 RR estimates are >1.0. The
probability that this would occur by chance alone is 0.0002.

In this meta-analysis, as in almost all meta-analyses of epi-
demiological data, studies using different exposure metrics (eg,
average exposure, exposure duration) were combined. The use
of different metrics can potentially affect summary relative risks,
but the likely direction is towards the null, not towards a false
positive result. The reason for this is that if Cr(VI) is truly asso-
ciated with stomach cancer, some metrics are likely to be more
strongly associated with stomach cancer than others, and includ-
ing less relevant metrics would dilute summary relative risks
towards 1.0. If every study had reported data on the same single
metric that was most strongly associated with stomach cancer, it
is likely that the true summary relative risks would be even
higher than those reported here. A similar effect could have
resulted from our including studies with different levels of Cr
(VD) exposure or different forms of Cr(VI). That is, if a true
association exists, the inclusion of studies in which Cr(V1) expo-
sures were relatively low would most likely bias results towards
a summary relative risk of 1.0, not towards a false association.
Previous research suggests that the absorption fraction is higher
for soluble chromium compounds than for insoluble forms.'

Few of the studies used in this meta-analysis provided details on
Cr(VI) solubility. If less soluble forms are less carcinogenic,
including studies involving these less soluble forms would dilute
any associations due to soluble Cr(VI) to the null. It is most
likely that all studies had at least some errors in assessing expos-
ure. However, since they all ‘assessed exposure using the same
methods in people with and without cancer, this misclassifica-
tion was most likely non-differential and also most likely biased
findings towards the nuil.

Another factor that can potentially impact results is con-
founding. Most studies controlled for age and sex, but few
adjusted for other factors (see online supplementalary table S1).
The known risk factors for stomach cancer include older age;
male sex; chronic gastritis and polyps; Helicobacter pylori infec-
tion, certain genetic abnormalities; lifestyle factors such as
smoking, alcohol and diet (low fruit and vegetable intake or
high intake of salted, smoked or nitrate-preserved foods); and
coal mining, nickel refining, rubber and timber processing, and
possibly exposure to asbestos.'® Importantly, confounding
factors must typically be associated with both Cr(VI) and
stomach cancer, and these associations must be fairly strong to
cause important confounding.'” Some factors are most likely
too rare (eg, genetic disorders, family history) or not associated
strongly enough with Cr(VI) exposure (eg, Helicobacter pylori,
a major risk factor for stomach cancer) to cause important con-
founding. Some cement products contain asbestos.’® Although

Welling R, et al. Occup Environ Med 2014;0:1-9. doi:10.1136/0emed-2014-102178
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Figure 1 Forest plot of studies included in the meta-analysis of Cr(VI) and stomach cancer: all studies combined.

this could have potentially confounded results in cement and summary relative risk estimates in cement workers were
workers, we excluded studies specifically in asbestos cement  similar to those in several other job categories. A few studies
workers. In addition, high asbestos exposures were not known  adjusted for smoking, diet or SES, but the impacts of these
to have occurred in the other occupational categories assessed  adjustments are inconsistent, with an increase in relative risk
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Figure 2 Forest plot of studies included in the meta-analysis of Cr(V1) and stomach cancer: only studies with lung cancer relative risk estimates >1.5.

estimates in some studies but a decrease in others. Axelson has
shown that confounding by smoking may cause relative risks as
high as 1.5 for lung cancer in occupational studies.'” However,
smoking-associated relative risks for stomach cancer are much
lower than those for lung cancer, so the impact of smoking as a
confounder is likely to be much less in studies of stomach
cancer than in studies of lung cancer. Using the Axelson
methods, and data on smoking-stomach cancer relative risks

Figure 3 Funnel plot of studies

{about 1.5),'” we estimated that confounding by smoking is
unlikely to cause a relative risk >1.1 in occupational studies of
stomach cancer.

The higher summary relative risks we identified for studies
with positive lung cancer findings may indicate higher Cr(VI)
exposure or it may indicate greater confounding by smoking.
However, in a meta-analysis of those studies with lung cancer
relative risk estimates >1.5 that provided data on non-malignant
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respiratory disease (which is also caused by smoking), the
summary RR for non-malignant respiratory disease was not ele-
vated (RR=1.00; 95% CI 0.71 to 1.40; n=9; median relative
risk estimate=0.91), providing evidence that smoking did not
confound our results.

Other potential biases include the healthy worker effect and
biases related to the inclusion of case-control studies (eg, recall
bias or biased selection of controls). Although the summary rela-
tive risk for case-control studies was higher than that for cohort
studies, the difference between these two was not statistically
significant (p=0.18). The healthy worker effect would primarily
affect studies comparing exposed workers to the general popula-
tion (eg, SMRs) and this effect would most likely bias SMRs
downwards. Although the extent of this bias here is unknown,
evidence of the healthy worker effect has been reported for
several different cancer types and in a number of different occu-
pational settings.””**

In this meta-analysis, neither visual inspection of the funnel
plot nor Egger’s or Begg’s test showed evidence of publication
bias, although the funnel plots are open to subjective interpret-
ation, and Egger’s and Begg’s tests can be affected by factors
other than this bias. Overall, while we did not see clear evi-
dence of this bias, it is potentially an issue in any
meta-analysis.

Two previous meta-analyses of Cr(VI) and stomach cancer
have been published. In Gatto et al,”’ the summary relative risk
involving 29 studies was 1.09 (95% CI 0.93 to 1.28). Similar to
our meta-analysis, the Gatto et al meta-analysis included studies
of chromium production, cement and leather workers (see
online supplementalary table S3), but the individual study
results are presented only in figure form, making direct compar-
isons with our meta-analysis difficult. One clear difference is
our inclusion of many more results (74 vs 29), particularly from
cement and leather workers, but also from studies of stainless
steel and chromium plating workers. The summary relative risk
using the individual RR estimates we abstracted for the 29
studies used by Gallo et al was somewhat lower than our
meta-analysis of all 74 studies (1.22; 95% CI 1.05 to 1.41 vs
1.27; 95% CI 1.18 to 1.38). Another difference may have been
our use of RR estimates from subgroups that are more likely to
be highly exposed (eg, exposure duration >10 years), although
direct comparisons are difficult for the reason given above. We
also excluded five studies used by Gatto et al because they were
unpublished, involved painters or foundry workers with uncer-
tain exposure,”’ *° or overlapped with the already included
studies.”® 27 However, adding these five excluded studies to our
meta-analysis of all studies caused little change (1.27; 95% CI
1.18 to 1.37) since most of these studies only received a small
amount of the total weighting. In a meta-analysis by Cole and
Rodu, the authors reported that the summary relative risk
between Cr(VI) and stomach cancer was lower in studies that
adjusted for SES than in studies that did not adjust for this vari-
able (RR=0.82 95% CI 0.69 to 0.96 vs RR=1.37; 95% CI
1.23 to 1.53), and concluded that SES was responsible for any
apparent association seen between chromium exposure and
stomach cancer.”® However, one of the authors’ criteria for
these analyses was that studies “that were negative or essentially
negative with respect to chrome exposure were included with
the papers that were controlled [for SES].” In our evaluation of
the studies used by these authors in their SES-controlled ana-
lysis, we were unable to find any mention of adjustments for
SES (or any related variable) in 13 of the 14 studies (939%)
included. Thus, the subgroup analysis titled °‘SES-controlled’
appears to be a misnomer, and instead reflects their criterion of

S T TR A A O R W e A A Ay |

studies that were ‘negative or essentially negative with respect to
chrome exposure.’

A variety of data support the biological plausibility of our
results. Cr(VI) is a well-documented human lung carcinogen,
and there is abundant evidence that airborne Cr(VI) is systemic-
ally absorbed. For example, studies in a variety of occupational
settings have shown that Cr(VI) exposed workers have elevated
blood or urine chromium levels compared to unexposed con-
trols.”’ *° These data show that airborne Cr(VI) not only
reaches the lungs, but that at least some of it is also internally
absorbed and therefore most likely distributed to other organs.
This systemic absorption may occur directly through the lungs,
or particulates containing Cr(VI) that settle in the trachea and
bronchi may be cleared by mucociliary action and then swal-
lowed.’! This swallowed Cr(VI) would come into direct contact
with the stomach mucosa. Once in the stomach, ingested Cr(VI)
is reduced by the acidic environment of the stomach to Cr(Ill),
which is poorly absorbed. However, this reduction may not be
complete, and most studies suggest that at least some ingested
Cr(VI) escapes gastric reduction and is absorbed.’” In studies in
rodents, administration of Cr(VI) in drinking water has resulted
in statistically significant increases in benign and malignant
stomach tumours (combined),’’ ** papillomas or carcinomas
(combined) of the oral cavity, and adenomas or carcinomas
(combined) of the small intestine.”* In humans, Beaumont
et al’® reported a RR of 1.82 (95% CI 1.11 to 2.91) for
stomach cancer mortality in an area where Cr(VI) pollution
from a ferrochromium factory caused widespread Cr(VI) con-
tamination of nearby drinking water sources, although issues of
dose-response and other potential biases have been
debated.’® 7 In an ecological study in a province in Greece
with Cr-contaminated water, SMRs were elevated for liver
(SMR=11.0; 95% CI 4.05 to 24.0) and lung cancer
(SMR=1.45; 95% CI 1.00 to 2.03).”" The SMR for stomach
cancer was above 1.0 but was not statistically significant
(SMR=1.21; 95% CI 0.44 to 2.63).

The exact mechanisms by which Cr(VI) causes cancer are
unknown, but evidence for several possible mechanisms exists.
These include indirect and direct effects on DNA, epigenetic
effects, gene regulation effects and direct cytotoxicity. Cr(VI)
readily enters cells via active transport through anion channels
and intracellular reduction follows, producing reactive inter-
mediate Cr valences, Cr(V) and Cr(IV) and ultimately Cr(III),
which is DNA-reactive. Reactive oxygen species, oxygen radicals
and other reactive molecules generated during this reduction
process are postulated to have genotoxic effects as well.”” ¢ In
vitro studies have revealed that Cr(VI)-induced mutations can be
generated through different types of DNA damage such as inter-
strand crosslinks, DNA-protein crosslinks and DNA adducts, as
well as single-strand and double-strand DNA breaks. *' *7 **
Studies of Cr(VI)-exposed tannery workers show evidence of
genotoxic effects including chromosomal aberration, micronu-
clei formation, DNA breaks and higher levels of DNA damage
in lymphocytes as determined by a comet assay.”” ** In a study
of chrome plating workers, chromium-induced DNA damage as
measured by three comet assay components was significantly
increased in exposed workers.”’ As a whole, these studies, along
with the positive animal bioassays discussed above,’* all provide
biological plausibility for the findings of this meta-analysis.

CONCLUSIONS

The results of this meta-analysis suggest that Cr(VI) exposure is
associated with increased risks of stomach cancer. An important
feature of this study is that summary relative risks were elevated
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in a number of different occupational settings and in the sub-
group of studies in which lung cancer risks were also elevated.
As with almost all meta-analyses, confounding and publication
bias cannot be entirely ruled out. Few studies adjusted for some
of the known risk factors of stomach cancer, including smoking,
although an analysis of the potential magnitude of confounding
from smoking suggests that this was unlikely to have caused the
associations we observed. The exact relevance of our findings to
Cr(VI) in drinking water is unknown. Differences in reduction
and absorption patterns across the different routes of exposure
could potentially impact toxicity. For example, the acidic envir-
onment of the stomach converts some ingested Cr(VI) to the
poorly absorbed Cr(Ill), although several studies have shown
that this process is not complete and some ingested Cr(VI) is
absorbed.’” ** Another difference is that drinking water expo-
sures are generally much lower than occupational exposures,
and this meta-analysis cannot be used to define exact dose-
response relationships or low exposure risks. However, owing to
the difficulties associated with studying lower exposures in
human populations (a greater probability of bias, confounding
and insufficient power),’ >’ *° chemical risk assessments and
regulatory standards are frequently based on higher exposure
occupational studies like the ones used here.’® Another consid-
eration is that drinking water exposures may cause greater tox-
icity because they can take place over the long term (eg,
lifetime) and are more likely to occur at particularly susceptible
life stages (eg, in fetuses, children and pregnant women) than
exposures occurring at work. Thus, despite the different route
and magnitude of exposure, our findings could have some rele-
vance to efforts to regulate Cr(VI) in water in that they provide
evidence that Cr(VI) is a cause of cancer in the human gastro-
intestinal tract and support the animal and limited human data
linking ingested Cr(VI) to stomach cancer. US EPA and some
states are considering regulating Cr(VI) in drinking water based
on its potential carcinogenicity in the gastrointestinal tract, and
California has recently established the first drinking water stand-
ard for Cr(VI) in the USA. The results of this study support
such efforts.
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Cr6 assessment. We're very interested in seeing how your PBPK model differs from theirs. Please let me know when it
would be convenient for us to have a meeting. Thanks!

Elaine

Elaine M. Khan, Ph.D., Chief

Water Toxicology Section

Office of Environmental Health Hazard Assessment
California Environmental Protection Agency
MS-12B

P.O. Box 4010

1001 ) Street

Sacramento, CA 95812

Tel: (916) 324-1277

Fax: (916) 327-7320

Email: elaine.khan@oehha.ca.gov

Please note: OEHHA is subject to the California Public Records Act. E-mail communications with OEHHA staff
are not confidential and may be produced to members of the public upon request.
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Figure 1. Ex-vivo model predictions in the rat for different reaction schemes. Data in first
three panels were used for calibration; data in the lower-right panel were not used for calibration.
Two of the revised rat parameters were fixed to values from the mouse model. An improved
model fit at high initial Cr-VI concentrations is achieved by assuming additional reducing agents
are present in the gastric fluid and contents. At low concentration, minimal improvement is
achieved (the 2- and 3-reducing agent model results are indistinguishable at 0.1 ppm). Data
graciously provided by Summit Toxicology and ToxStrategies, Inc.
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Figure 2. Ex-vivo model predictions in the mouse for different reaction schemes. The original and revised
3-reducing agent models are presented. Data in first five panels were used for calibration; data in the lower-
right panel were not used for calibration. As with the rat, the single reducing agent model deviates most from
the data at high initial Cr-VI concentrations. Data graciously provided by Summit Toxicology and
ToxStrategies, Inc.
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Figure 3. Ex-vivo model predictions in the human. The original and revised models are presented. Both
models assume a single reducing agent. At high initial Cr-VI concentration, the original model under-predicts
reduction when compared to the revised model. This is most apparent at low pH, where the reduction rate is the
fastest. At low initial Cr-VI concentrations, the single reducing agent model tends to over-predict the rate of

reduction. Data graciously provided by Summit Toxicology and ToxStrategies, Inc.
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Revised ex vivo model

Chromate speciation of chromate can be described by four reversible reactions (Brito et al.,
1997):

- — CrOg
1.Cr0?~ + H* & HCro;; Ky = [—C%gi—]ﬁ}T]

o - Cr,0%~
2. 2HCr0; & Cr,02” + H,0; Ky, = [[H::io;]l

3. HCrOy + H* & H,Cr04; Ky; = [H[g:(;:;]o[ﬂﬂ

[HCroz]
[cr,02-](H*]

4.Cr,02" + H* & HCr,07; K3, =
Given the pH (i.e., [H']) and mass balance for total Cr-VI,
[CrO4%] + [HCrO«47] + 2[Cr207] = [Cr-VI]Total,

these can be solved algebraically for the individual chemical species concentrations as a function
of [Cr-VI]1ot:

—B+_[B% + 4-A[Cr-VI
[CroZ-] = + s e
where A =2:Ka K1 [H*(1 + Ka2:[H']),

B =1+Ku[H](1 +Kar[HY),
[HCrO«#] = K11 [H']-[CrO4*],
[H2Cr04] = Ka1*[H*]- [HCrO47,
and [Cr207] = K22-[HCrOs 2.

Our final assumption (rationale will be explained in our forthcoming paper) was to allow
CrO4* to have a reactivity defined as a fraction, £, of that for HoCrOs and HCrOq".For each
reducing agent pool, p, the rate of reduction was defined as:

reduction rate = kpoor [Rpoot] ([H2CrO4] + [HCrO4] + £[CrOs*]).
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The total rate of reduction, assuming three reducing agents (with unknown or effectively
unlimited third pool):

tred = (kr [Re + ks'[Rs] + kug)-([H2Cr04] + [HCrO47] + £[CrO4*]).

Here the subscript “f” indicates a pool which is expected to react and be depleted quickly (fast),
“s” indicates a pool that reacts and is depleted (more) slowly, and “vs” one that reacts and is
depleted very slowly. Note that we are not suggesting that there is actually an infinite reducing
capacity in the 3™ pool;just that the concentrations of Cr-VI used in the experiments are not
sufficiently high to significantly deplete this third pool, hence the size of the pool cannot be
estimated using the data and it can be treated as unlimited in the concentration range being
analyzed.

Table 1. Final kinetic parameters for Cr-VI reduction in gastric juice of rats and mice (3-pools)
and humans (1-pool)

Symbol Definition (units) Value
Species-Independent Parameters
Kn Equilibrium constant (M) 1080
K2 Equilibrium constant (M) 132
K21 Equilibrium constant (M) 13.2
K32 Equilibrium constant (M) 15.2
f Fractional reactivity of CrO4* (no units) 0.0025
Species-Specific Parameters Rat Mouse Human
ks Fast binary rate constant (L/mg-min) 2.4* 24 0.62

ks Slow binary rate constant (L/mg-min)  0.15* 0.15 -
Kvs Very slow first-order constant (1/min) 0.058 0.044 -
Ros Fast reducing agent pool size (mg/L) 4.1 29 10
Ros Slow reducing agent pool size (mg/L) 18 31 -

*k¢and ks for the rat where fixed at the values estimated for the mouse
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Comparison of mouse and rat Cr6 stomach loading and reducing capacity (adapted from Proctor
et al. (2012))

Water Total Cr6 intake per event as
CrsDW | intake | CT8intake | Reducing | Stomach reducing | % of reducing capacity
(mglL) per per event capacity | contents equiv. Fast +
event (L) (mg) (mg/mL) (mL) (mg) Orig. | Fast slow
Mouse
0.1 0.00002 0:0_166 | 0-9933 0.6 34 0.3
14 0.00028 | (original) (original) | g5 | 483 | 4.1
5 0.001 0.0029 0.00058 30 172 15
b .2
21 R 0.0042 (fast)t c (fast) 130 724 62
60 0.012 0.0339 0.00678 360 2069 177
180 0.036 (fast+slow) (fast+slow) | 1100 | 6207 531
Rat
0.1 0.00007 0-_0_1 57 N 0-_01_57 0.4 1.7 0.3
14 0.00098 | (original) (original) | g5 | 24 | 4.4
5 0.0007 0.0035 0.0041 1 0.0041 22 85 16
21 ‘ 0.0147 (fast)t (fast) 94 360 67
60 0.042 0.0221 0.0221 270 1024 190
180 0.1274 (fast+slow)* (fast+siow) | 810 3107 577

*Original published value
tRor from Table 1

¥The sum of Ror and Ros from Table 1.
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The concentration in the duodenum lumen, and the pyloric flux (daily un-reduced Cr6 emptied from the stomach
to the small intestine, per L small intestine), are not sensitive to the systemic PBPK model (assuming low Cré
absorption in the stomach). The two alternate models, containing different structure, gastrointestinal reduction
kinetics, and PBPK parameters, produce nearly identical results when this particular dose metric is examined.
However, these dose metrics would indicate that rats are more susceptible than mice, which does not agree with
the NTP bioassays (NTP, 2010, 2008).

1 e
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[ 13t {origmal) e | ot {orighnal}
o = = e (revsd)
; mouse (miginat)
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Cré fax to vanll intestine (nRt/L St per day)

(A) Duodenum lumen Cr6 (mg/L) (B) Stomach-to-duodenum Cr6 flux (per L SI)

Figure S-5. Comparison of predicted concentration of hexavalent chromium in the duodenum lumen (left) and
flux into the duodenum from the stomach (right) using the revised model and the original model by Kirman et
al. (2012). Predictions were made using common Gl transit rates, lumen volumes, and pH levels.

If flux is normalized by body weight (instead of total small intestine volume), the estimated susceptibility is
reversed. Pyloric flux normalized by body weight can be interpreted as the administered Cr6 dose (mg/kg-d) that
escapes reduction in the stomach.

0 i 20
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g " = = mouse (orlginal) ’r’ | f - = mousa (revised)
i" i maximum (0% reduction) ," a“ 1 madmum (0% reduction) P
B 2,
] H L]
: i 10 fm
: £ E 3
1l
s E 6
‘8 8
: § 2 3 2
0 | °
° 7 4 6 [} 10 n 18 16 18 0!
Cr6 dose (mg/kg-d) -
(A) Original model by Kirman et al. (B) Revised model

Figure S-6. Fluxinto the duodenum from the stomach, expressed as per kg body weight (as opposed to perlL
small intestine). For these results, mice are shown to be more susceptible than rats over a wide range of doses.
The grey dotted line indicates the results of any model if zero Cr6 reduction is assumed (i.e., 100% of the Cr6
escapes reduction, thus assuming internal dose = administered dose). The original model assumes that a
greater percentage of the administered dose escapes stomach reduction than the revised model.
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The flux dose metric does not require the development of a whole-body PBPK model, since it only requires
simulation of stomach lumen kinetics. Assuming negligible Cr6 uptake into the stomach tissue, model predictions
of flux from the stomach to the duodenum are equivalent for the “lumen-only” model and the whole-body PBPK
model. As aresult, it was possible to estimate the flux in humans using stomach parameters from Kirman et al.
(2013). The estimated difference between mice and humans are reduced when flux is scaled by body weight.
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(A) Stomach-to-duodenum Cr6 flux (per L SI) (B) Stomach-to-duodenum Cr6 flux (per kg BW)

Figure S-7. Fluxinto the duodenum from the stomach, expressed as per L small intestine (left), and as per kg
body weight (right) in humans and mice using the revised kinetics. Results are similar to those estimated using
the model by Kirman et al (2012, 2013) (not shown).

The flux dose metric was found to be sensitive to the simulated Cr6 exposure pattern, particularly in the low-dose
region.
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Figure S-8. Fluxinto the duodenum from the stomach (per
kg body weight), in the low-dose region for humans and
mice. Two alternate exposure assumptions are applied for
humans.
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I mice and humans are simulated with equivalent bolus dose exposure profiles, the flux dose metric (scaled by
body weight) produces nearly equivalent results for both species.
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Figure 5-9. Flux into the duodenum from the stomach, expressed as per kg body weight. Both human and
mouse models are sensitive to the assumed drinking water dose profile. Models were run assuming either
continuous 24-hour mg/kg-d oral dose, or doses as multiple discrete bolus events throughout the day.

It should be noted that all results presented above (Figures S-4 through $-9) were derived from simulated steady-
state scenarios for average standard rodents and humans. Rodent simulations of both the current and prior PBPK
models were not designed to derive lifetime average daily dose-metrics for the NTP bioassays (NTP, 2010, 2008).
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Figure S-10. Fluxinto the duodenum from the stomach, expressed as per kg body weight. Figures contain the
results using the original model by Kirman et al., and the new model. Simulations on the left were run assuming
continuous 24-hour mg/kg-d oral dose, while those on the right assumed doses as multiple discrete bolus
events throughout the day. In the low dose region, the original and revised models predict similar results under
both dose assumptions. For doses above 1 mg/kg-d, models diverge if assuming continuous oral dose. Less
divergence is estimated if assuming bolus exposure.
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Adenomas+Carcinomas of the Duodenum
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Dose-response curve of duodenum tumors (adenomas+carcinomas) plotted against chromium-6 parts per million,
and the original PBPK model internal dose-metric (by Summit Toxicologies/T: oxStrategies/ACC). Internal dose-
metric presented here is not the pyloric flux presented in the simulations from Figures S-4 through $-10, but the
estimated site-specific absorption of Cr6 through the duodenum, scaled by duodenum tissue volume {mg Cr6
absorbed/L duodenum/day). This flux was re-scaled to fit on the same x-axis as ppm Cr6.

In the Cr6 RfD paper (Thompson et al.), the authors had preferred to use the site-specific absorption
dose-metric (mg Cr6 absorbed/L tissue/day), and perform dose-response modeling on male and female
data, with duodenum, jejunum, and ileum data all on the same d-r curve.

Based on the comments to CalEPA which I've seen, they claim this approach is more robust than
focusing on either the duodenum alone, or the whole lumped small intestine (since they are using many
more data points and dropping less doses). But since the incidence is very low for jejunum/ileum (zero
for much of the data), it pulls the dose-response curve downward even further.

In going through the individual-level NTP data, | was surprised to find that most rodents with
adenomas/carcinomas of the jejunum did NOT have adenomas/carcinomas in the duodenum. The issue
could be that the small intestine is not a very “well-mixed” system (an underlying assumption in PBPK
models). Some variation between rodents might have caused Cr6 to absorb in the jejunum/ileum but
not the duodenum of some of rodents. These are not accounted for in the models.

Uncertainties in the PBPK modeling predications increase as you go further down the Gl tract. The
authors themselves even told me this. In my opinion, predictions in the jejunum/ileum might not be
very reliable in any of our models.
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Note that the modeling work and parameters in Kirman et al. (2012) was revised by the authors based
on EPA comments. We had found some minor mass balance mistakes, a major units mistake (they had
mistakenly divided the cardiac output by 24), and a mistake in RBC/plasma metabolism (they mistakenly
used the RBC reaction constant for the plasma, and forgot to use the plasma reaction constant). The
erratum can be found here: s

http://www.ncbi.nim.nih.gov/pubmed/22981460

All simulations in Thompson et al. use their revised/corrected PBPK.

Without much fanfare, TERA released their peer-review reports of many of the ToxStrategies papers.
The reports and comments from reviewers can be found here:

http://www.tera.org/Peer/Chromium/Chromium.htm

These reviews were done before all studies were published. Since the reviewers did not have access to
the PBPK modeling code (this is indicated by one of the reviewers), there were unable to find some of
the errors we encountered.
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Fasting Gastric pH and Its Relationship to

True Hypochlorhydria in Humans

MARK FELDMAN, MD, and CORA BARNETT, BS

Abnormally low rates of gastric acid secretion (hypochlorkydria) are associated with
bacterial overgrowth, enteric infection, and with kypergastrinemia and an increased risk
of gastric neoplasms. In the present study, we evaluated the ability of fasting gastric juice
pH measurements to detect true hypochlorhydria. True hypochlorhydria was defined as a
peak acid output in response to a maximally effective stimulant of acid secretion that was
below the lower limit of normal for 365 consecutive healthy subjects. In these healthy
subjects, average basal pH was 2.16 * 0.09 in men and 2.79 + 0.18 in women. In 109
consecutive experiments in 28 subjects with true hypochlorhydria, fasting gastric pH
averaged 7.44 + 0.11 in men and 7.65 + 0.33 in women. Fasting pH exceeded the upper
95% confidence limit of normal (5.09 in men and 6.81 in women) in 102 of the 109
experiments (94%). Thus, fasting pH measurement was a sensitive method for diagnosing
bona fide hypochlorhydria.

KEY WORDS: pH; bypochlorhydria; peak acid ontput.

The usefulness of fasting gastric juice pH measure-
ments in the diagnosis of true hypochlorhydria has
not been studied rigorously. If predictive for true
hypochlorhydria, fasting gastric pH measurements
could bave clinical utility, since individuals with
true hypochlorhydria are prone to develop gastric
bacterial overgrowth (1), enteric infections (2, 3),
and, perhaps most importantly, hypergastrinemia
with its potential for enterochromaffin-like cell hy-
perplasia and neoplasia (4-7). In the present study,
we established the upper limit of normal for fasting
gastric pH from results in 365 healthy men and
women and then applied these pH criteria to results
of 109 experiments performed in 28 subjects with
true hypochlorhydria.
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MATERIALS AND METHODS

These studies were approved by a Human Studies
Subcommittee, and each subject gave informed written
consent prior to participation.

Study Protocol. All 365 subjects who participated in this
study reported to the laboratory after an overnight fast.
None had a history of peptic ulcer, diabetes, or gastric
surgery, and none was receiving any medications known
to affect gastric secretion. Gastric intubation was per-
formed by passing a tube (AN 10, H.W. Anderson
Products, Inc., Oyster Bay, New York) through the nose
or mouth into the gastric antrum under fluoroscopic
guidance. Using this method of positioning the tube,
recovery of gastric juice in our laboratory averages
approximately 90-95% (Feldman M, Barnett C, unpub-
lished data). Residual gastric contents were discarded.
Then, gastric juice was collected in 15-min aliquots by
intermittent suction. Volume of gastric juice was re-
corded in a cylinder to the nearest milliliter and pH of the
sample was measured by glass electrode (Radiometer,
London Company, Cleveland, Ohio). pH was measured
by glass clectrode that had been calibrated to pH 1.00,
4.01, and 7.00 that morning. pH was converted to hydro-
gen ion concentration ((H*]) by the method of Moore and
Scarlata (8): Acid output was calculated by multiplying
[H*] by gastric juice volume. Basal acid output (BAO)
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FASTING pH AND TRUE HYPOCHLORHYDRIA

TABLE 1. MEAN (+ SE) ACID SECRETION IN NORMAL
REFPERENCE GROUP OF 252 MEN AND 113 WOMEN

TABLE 3. MEAN (+ SE) Acip SECRETION IN 109 EXPERIMENTS
N 28 HYPOCHLORHYDRIC SURJECTS®

Men Women Men Women
BAO (mmol/hr) 40 *+0.2 2.1 *0.2* Mean BAO (mmoV/hr) 0.02 + 0.02¢ 0 0t
Average basal pH 2.16 = 0.09 2.79 + 0.18* Average basal pH 7.44 = 0.11% 7.65 + 0.33%
PAO (mmol/hr) 374 =08 249 *1.0° Mean PAO (mmol/hr) 3.30 = 0.3+ 1.40 + 0.4%

*P < 0.001, men vs women.

was measured for four 15-min periods and then PAO to a
maximal parenteral dose of gastrin (pentagastrin or hu-
man gastrin heptadecapeptide I) or histamine acid phos-
phate was measured for four 15-min periods (9). BAO was
defined as the sum of the four 15-min basal outputs and
expressed in millimoles per hour, while PAO was defined
as the sum of the two highest consecutive 15-min outputs
after the secretogogue, multiplied by 2 to express results
in millimoles per hour.

RESULTS

Definition of Normal Reference Group. Three hun-
dred sixty-five consecutive healthy volunteers who
reported to our laboratory for their first gastric acid
secretory study served as our reference group.
They consisted of 252 men ages 19 to 80 (mean,
29.8) and 113 women ages 18 to 80 (mean, 36.1). As
shown in Table 1, mean BAO and PAO were
significantly higher in men than in women, while the
average basal pH was significantly lower in men.

The upper and lower 95% confidence limits of
normal for PAO were calculated in men and in
women, using two different methods. The first
method assumed a Gaussian distribution of PAO
values, with upper and lower limits of normal
calculated as the mean plus or minus 1.96 standard
deviations of the mean. The second method simply
eliminated the upper 2.5% and the lower 2.5% of
PAO values. As shown in Table 2, the two methods

TABLE 2. UPPER LIMIT OF NORMAL (ULN) AND LOWER
Limvit oF NorMAL (LLN) For PEAR Acip Ourrut (PAO) BY
Two METHODS IN NORMAL REFERENCE GROUP OF 252 MEN
AND 113 WOMEN

Men Women

ULN PAO

Gaussian* 63.5 449

Counting 67.6 473

Average 65.6 46.1
LLN PAO

Gaussian 11.3 48

Counting 7.0 2.0

Average 9.2 34

*Gaussian = mean * 1.96 standard deviations of the mean;
counting = excluding top and bottom 2.5% of values; average =
average of Gaussian and counting methods.

Digestive Diseases and Sciences, Vol. 36, No. 7 (July 199])

*101 studies in 22 men and 8 studies in 6 women.
1P < 0.05 vs normal reference group (see Table 1).

gave slightly different upper and lower limits of
normal, probably because the distribution of PAO
was not perfectly Gaussian. Since neither of the two
methods is precise, we defined upper and lower
limits of normal by averaging the resuits of the two
methods (Table 2). Thus, a man with a PAO < 9.2
mmol/hr or a women with a PAO < 3.4 mmolhr
was considered to be hypochlorhydric with =97.5%
confidence.

We next established the upper limit of normal for
fasting gastric pH in the individuals with a PAO
within or above the normal range (i.e., those 354
subjects who were not defined as being hypochlor-
hydric). The average of the four fasting pH values
for each of these individuals was examined. pH
values were not normally distributed and, thus, to
obtain 95% confidence limits for the upper pH limit
of normal, the upper 5% of pH values were ex-
cluded. Using this method, the upper 95% one-
sided confidence limit of normal for basal pH for
subjects without hypochlorhydria was 5.09 in men
and 6.81 in women. In other words, one would
expect an average fasting gastric pH to exceed
these values only 5% of the time in subjects with a
normal PAO (95% specificity).

Studies in Hypochlorhydric Subjects. Of the orig-
inal 365 subjects, 28 subsequently developed epi-
demic gastritis with true hypochlorhydria (22 men,
ages 30.0 = 0.7 years and six women, ages 29.3 =+
1.7 years). Clinical, histologic, and acid secretory
features of this syndrome have been described
previously (10). Mean BAO, PAO, and average
basal pH for the hypochlorhydric men and women
are shown in Table 3. One hundred nine experi-
ments in these 28 subjects, all in which PAO was
below the lower limit of normal, were available for
analysis. Basal pH exceeded the upper limit of
normal in 95 of 101 experiments in men and in seven
of eight experiments in women (Figure 1). Thus, the
sensitivity of an elevated fasting pH for detecting
true hypochlorhydria was 102/109, or 94%.

867



8 ﬁéﬂ' -
n‘ :g;: o L]
74 °
3
61 o®
° °
pH 54 o
L]
4+ °
3-- [ ]
2+
1 £
MEN WOMEN
Fig 1. Average basal pH in 109 separate experiments in 28

subjects with true hypochlorhydria, defined as a peak acid output

< lower limit of normal (see Table 2). Upper limits of normal for
average basal pH, derived from subjects with a normal peak acid
output, are shown. Basal pH exceeded these upper limits of
normal pH in 102 of 109 experiments (9496).

DISCUSSION

Achlorhydria has been arbitrarily defined by var-
ious investigators as a fasting gastric pH value
above 3.5 (11, 12), 6.0 (13, 14), 7.0 (15), or 8.2 (16).
In the present study, several healthy men and
women had fasting pH values that exceeded many
of these arbitrary values, despite the fact that these
individuals secreted normal amounts of acid when
they received a parenteral injection of gastrin or
histamine.

When a population of healthy individuals is stud-
ied, the lower 2.5% of the population’s PAO values
can be defined arbitrarily as representing true hy-
pochlorhydria and the remaining 97.5% as repre-
senting normosecretors (95%) and hypersecretors
(2.5%). Using the above definition, we (and others)
have reported that 30-40% of duodenal ulcer pa-
tients are hypersecretors (17, 18).

The major purpose of the present study was to
define rigorously the upper limit of normal for basal
pH in order to determine whether basal pH mea-
surements can predict the presence of true hy-
pochlorhydria, defined as a PAO below the lower
limit of normal. While it was important to define the
upper limit of normal for basal pH in men and
women separately, since men secreted more acid
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TABLE 4. SENSITIVITY, SPECIFICITY, AND POSITIVE AND
NEGATIVE PREDICTIVE VALUES OF AVERAGE BAsAL pH FoR
DETECTION OF TRUE HYPOCHLORHYDRIA*

Basal pH

(upper limit of Predictive
normal) values (%)
e Sensitivity Specificlty ——M
Men Women (%) (%) Positive Negative
5.09 6.81 94 95 375 99.8
6.27 1.7 89 97.5 47.7 99.7
643 192 85 98 52.2 99.6
7.11  8.06 75 99 64.9 9.4

“Sensitivity calculated from resuits of 109 experiments in 28
subjects with PAO < lower limit of normal. Specificity calcu-
lated from results in 354 normal subjects with PAO > lower
limit of normal. Positive and negative predictive values calcu-
lated assuming the prevalence of true hypochlorhydria in the
population is 2.5%.

than women, it was not necessary to adjust upper
limits of normal as a function of age. This was
becanse age did not correlate significantly with
average basal pH in men or women (r = —0.06 and
r = 0.03, respectively). Thus, an elevated basal pH
should have the same significance regardless of the
age of the subject, at least within the range of 18-80
years. In the present study, basal pH exceeded the
95% upper confidence limit of normal in 102 of 109
experiments in 28 individuals with true hypochlor-
hydria. Thus, documentation of an elevated fasting
gastric pH had a 94% sensitivity for detecting bona
fide hypochlorhydria. This 94% sensitivity was cal-
culated by using the average of four consecutive pH
measurements in subjects with hypochlorhydria. If
only the first pH sample was examined, the sensi-
tivity was still 98 in 109, or 90%. Thus, even a single
fasting pH measurement has a high sensitivity for
detecting true hypochlorhydria.

Sensitivity of a test is also a function of specific-
ity. In the present study, we chose to set specificity
at 95%, allowing 5% of subjects with a normal PAO
to have an average basal pH above the defined
upper limit of normal. As shown in Table 4, if
specificity was increased above 95%, decreasing the
number of potentially false positive results, sensi-
tivity fell proportionately. Nevertheless, at 99%
specificity, fasting pH measurements still had 75%
sensitivity for detecting true hypochlorhydria.

The predictive value of a test depends upon the
prevalence in the general population of the condi-
tion in question (in this case, true hypochlorhydria).
Unfortunately, the incidence of true hypochlorhy-
dria in a randomly selected sample of the adult U.S.
population is unknown and thus the positive (or

Digestive Diseases and Sciences, Vol. 36, No. 7 (July 1991)
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negative) predictive values of fasting pH measure-
ments cannot be calculated precisely from the data
presented in this report. Furthermore, there is no
universally accepted definition of hypochlorhydria.
If the prevalence of hypochlorhydria is, as we have
assumed in this study, 2.5%, then one can calculate
positive and negative predictive values from our
data. As shown in Table 4, positive predictive
values ranged from 32.5% to 64.9% as specificity
was increased from 95% to 99%, while the predic-
tive value of a negative test remained high (>99%).
Thus, if specificity is set at a high level, measure-
ment of fasting pH is a useful screening test for the
detection of individuals likely to have true hy-
pochlorhydria.
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Bohn, Brent

From: Khan, Elaine@OEHHA <Elaine.Khan@oehha.ca.gov>

Sent: Wednesday, June 04, 2014 12:19 PM

To: Gibbons, Catherine; Sasso, Alan

Subject: First Drinking Water Standard for Hexavalent Chromium Now Final
Fyi.

http://www.cdph.ca.gov/Pages/NR14-053.aspx




Bohn, Brent

From: Khan, Elaine@OEHHA <Elaine.Khan@oehha.ca.gov>

Sent: Wednesday, April 16, 2014 12:34 PM

To: Caraway, Catherine@OEHHA; Sasso, Alan

Subject: FW: CDPH Submits Final Regulation Package Regarding Hexavalent Chromium (Cr V1) and
Drinking Water

Attachments: removed.txt; PH14-038 CDPH Submits Final Regulation Package Regarding Hexavalent

Chromium (Cr V1) and Drinking Water. pdf

From: Klasing, Susan@OEHHA

Sent: Wednesday, April 16, 2014 8:45 AM

To: Khan, Elaine@OEHHA

Subject: FW: CDPH Submits Final Regulation Package Regarding Hexavalent Chromium (Cr VI) and
Drinking Water

FYI

From: CDPHPress (OPA) [mailto: CDPHPressOPA(@cdph.ca.gov]

Sent: Tuesday, April 15, 2014 3:46 PM

To: CDPHOPA@MAILLIST.DHS.CA.GOV

Subject: CDPH Submits Final Regulation Package Regarding Hexavalent Chromium (Cr VI) and Drinking
Water

!x] proop i S s sy

News Release

CALIFORNIA DEPARTMENT OF PUBLIC HEALTH




CONTACT : Anita Gore FOR IMMEDIATE RELEASE
Heather Bourbeau April 15, 2014
(916) 440-7259 PH14-038

CDPH Submits Final Regulation Package
Regarding Hexavalent Chromium (Cr VI) and Drinking Water

SACRAMENTO - The California Department of Public Health (CDPH) today submitted to the Office of
Administrative Law (OAL) its final proposed regulation establishing the first ever drinking water Maximum
Contaminant Level (MCL) for hexavalent chromium (Cr VI). More than 18,000 comments were received by
CDPH regarding the proposed regulation. The proposed final regulation documents include the Summary and
Response to comments received.

The proposed final regulation will take effect after it has been reviewed and approved by OAL in compliance
with the Administrative Procedures Act. This review can take up to 30 working days to complete. Once
approved, the regulation is then filed with the Secretary of State and will become effective the first day of the

following quarter.

“The drinking water standard for hexavalent chromium of 10 parts per billion will protect public health while
taking into consideration economic and technical feasibility as required by law,” said Dr. Ron Chapman, CDPH
director and state health officer.

If the regulation is approved as expected, implementation of the new drinking water standard for hexavalent
chromium will begin July 1, 2014.

Today’s filing also complies with timelines imposed by the Alameda Superior Court in Natural Resources
Defense Council, Inc. v. California Department of Public Health.

The department’s submission to OAL can be found on the CDPH website.

www.cdph.ca.gov
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News Release

Healltll‘l
CALIFORNIA DEPARTMENT OF PUBLIC HEALTH
FOR IMMEDIATE RELEASE CONTACT: Anita Gore
April 15, 2014 Heather Bourbeau
PH14-038 (916) 440-7259

CDPH Submits Final Regulation Package
Regarding Hexavalent Chromium (Cr VI) and Drinking Water

SACRAMENTO - The California Department of Public Health (CDPH) today submitted
to the Office of Administrative Law (OAL) its final proposed regulation establishing the
first ever drinking water Maximum Contaminant Level (MCL) for hexavalent chromium
(Cr VI). More than 18,000 comments were received by CDPH regarding the proposed
regulation. The proposed final regulation documents include the Summary and
Response to comments received.

The proposed final regulation will take effect after it has been reviewed and approved by
OAL in compliance with the Administrative Procedures Act. This review can take up to
30 working days to complete. Once approved, the regulation is then filed with the
Secretary of State and will become effective the first day of the following quarter.

“The drinking water standard for hexavalent chromium of 10 parts per billion will protect
public health while taking into consideration economic and technical feasibility as
required by law,” said Dr. Ron Chapman, CDPH director and state health officer.

If the regulation is approved as expected, implementation of the new drinking water
standard for hexavalent chromium will begin July 1, 2014.

Today’s filing also complies with timelines imposed by the Alameda Superior Court in
Natural Resources Defense Council, Inc. v. California Department of Public Health.

The department’s submission to OAL can be found on the CDPH website.

www.cdph.ca.gov
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Bohn, Brent

S e e e e - ——
From: Sasso, Alan '
Sent: Wednesday, January 14, 2015 4:54 PM
To: Elaine.Khan@oehha.ca.gov
Cc: Gibbons, Catherine
Subject: hypochlorhydria (high stomach pH) in the US population
Attachments: Feldman-Bamett_DigDisSci1991 _ph_hypochlorhydria-humans.pdf; Kalantzi-

etaI_PharmRes2006_human-upper—gastrointestinal-contents.pdf

Hi Elaine,

| really enjoyed the talk last week, thanks for sending us the info.

| was reading-up on gastric parameters in the human population (particularly as a function of fed/fasted status), and |
saw in this Kalantzi paper, 2 out of the 19 subjects just happened to have a condition called “hypochlorhydria”. They
persistently have a very high stomach pH, and are very susceptible to gastric cancers and lesions/ulcers (due to
biological/bacterial issues, infections, etc).

in 28 hypochlorhydric subjects (Feldman paper), the average basal pH was 7.44 in men,7.65 in women.

In 252 men WITHOUT hypochlorhydria (healthy, not taking medication, etc), 5% of them naturally had a basal/resting
(fasted) gastric pH of at least 5.09. in women (n= 113), 5% had pH>=6.81. Those are conditions where our models
indicate poor reduction.

So, even without hypochlorhydria, 10% of the population may be above pH=5.

At the end of the Feldman paper, they say that the true incidence of hypochlorhydria in randomly selected adult humans
in the US population is unknown (but that paper is from 1991). I'm having trouble obtaining information on what the
incidence may be.

Have you ever heard of this condition?

-Alan

Alan F. Sasso, Ph.D.

Office of Research and Development

National Center for Environmental Assessment
U.S. Environmental Protection Agency
(703)-347-0179
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Fasting Gastric pH and Its Relationship to
True Hypochlorhydria in Humans

MARK FELDMAN, MD, and CORA BARNETT, BS

Abnormally low rates of gastric acid secretion (hypochlorhydria) are associated with
bacterial overgrowth, enteric infection, and with kypergastrinemia and an increased risk
of gastric neoplasms. In the present study, we evaluated the ability of fasting gastric juice

pH measurements to detect true hypochlorhydria. True hypochlorhydria was defined as a

peak acid output in response to a maximally effective stimulant of acid secretion that was
below the lower limit of normal for 365 consecutive healthy subjects. In these healthy
subjects, average basal pH was 2.16 * 0.09 in men and 2.79 % 0.18 in women. In 109
consecutive experiments in 28 subjects with true hypochlorhydria, fasting gastric pH
averaged 7.44 = 0.11 in men and 7.65 * 0.33 in women. Fasting pH exceeded the upper
95% confidence limit of normal (5.09 in men and 6.81 in women) in 102 of the 109
experiments (94%). Thus, fasting pH measuremeni was a sensitive method for diagnosing

bona fide hypochlorhydria.

KEY WORDS: pH; hypochlorhydria; peak acid output.

The usefulness of fasting gastric juice pH measure-
ments in the diagnosis of true hypochlorhydria has
not been studied rigorously. If predictive for true
hypochlorhydria, fasting gastric pH measurements
could have clinical utility, since individuals with
true hypochlorhydria are prone to develop gastric
bacterial overgrowth (1), enteric infections (2, 3),
and, perhaps most importantly, hypergastrinemia
with its potential for enterochromaffin-like cell hy-
perplasia and neoplasia (4-7). In the present study,
we established the upper limit of normal for fasting
gastric pH from results in 365 healthy men and
women and then applied these pH criteria to results
of 109 experiments performed in 28 subjects with
true hypochlorhydria.

3lMlx;xgascxipt received December 14, 1990; accepted December
From Medical Service, Department of Veterans Affairs, Med-
ical Center and the Department of Internal Medicine, the Uni-
versity of Texas Sonthwestern Medical Center, Dallas, Texas.
This work was supported by the National Institute of Health
(DK 16168) and by the Department of Veterans Affairs.
Address for reprint requests: Dr. Mark Feldman, VA Medical
Center (111), 4500 South Lancaster Road, Dallas, Texas 75216.
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MATERIALS AND METHODS

These studies were approved by a Human Studies
Subcommittee, and each subject gave informed written
consent prior to participation.

Study Protocol. All 365 subjects who participated in this
study reported to the laboratory after an overnight fast.
None had a history of peptic ulcer, diabetes, or gastric
surgery, and none was receiving any medications known
to affect gastric secretion. Gastric intubation was per-
formed by passing a tube (AN 10, H.W. Anderson
Products, Inc., Oyster Bay, New York) through the nose
or mouth into the gastric antrum under fluoroscopic
guidance. Using this method of positioning the tube,
recovery of gastric juice in our laboratory averages
approximately 90-95% (Feldman M, Barnett C, unpub-
lished data). Residual gastric contents were discarded.
Then, gastric juice was collected in 15-min aliquots by
intermittent suction. Volume of gastric juice was re-
corded in a cylinder to the nearest milliliter and pH of the
sample was measured by glass electrode (Radiometer,
London Company, Cleveland, Ohio). pH was measured
by glass electrode that had been calibrated to pH 1.00,
4.01, and 7.00 that morning. pH was converted to hydro-
gen jon concentration ((H*]) by the method of Moore and
Scarlata (8): Acid output was calculated by multiplying
[H+] by gastric juice volume. Basal acid output (BAO)

Digestive Diseases and Sciences, Vol. 36, No. 7 (July 1991)
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FASTING pH AND TRUE HYPOCHLORHYDRIA

TabLE 1. MEAN (+ SE) AcID SECRETION IN NORMAL
REFERENCE GROUP OF 252 MEN AND 113 WOMEN

TABLE 3. MEAN (£ SE) ACID SECRETION IN 109 EXPERIMENTS
IN 28 HYPOCHLORRYDRIC SURJECTS®

Men Women Men Women
BAO (mmol/hr) 40 =02 21 0.2 Mean BAO (mmol/hr) 0.02 £ 0.02t 0 =0t
Average basal pH 2.16 + 0.09 2.79 + 0.18* Average basal pH 7.44 + 0.11% 7.65 + 0.33%
PAO (mmol/hr) 374 =08 249 + 1.0¢ Mean PAO (mmol/hr) 3.30 £+ 0.3t 1.40 + 0.4

*P < 0.001, men vs women.

was measured for four 15-min periods and then PAOto a
maximal parenteral dose of gastrin (pentagastrin or hu-
man gastrin heptadecapeptide T) or histamine acid phos-
phate was measured for four 15-min periods (9). BAO was
defined as the sum of the four 15-min basal outputs and
expressed in millimoles per hour, while PAO was defined
as the sum of the two highest consecutive 15-min outputs
after the secretogogue, multiplied by 2 to express results
in millimoles per hour.

RESULTS

Definition of Normal Reference Group. Three hun-
dred sixty-five consecutive healthy volunteers who
reported to our laboratory for their first gastric acid
secretory study served as our reference group.
They consisted of 252 men ages 19 to 80 (mean,
29.8) and 113 women ages 18 to 80 (mean, 36.1). As
shown in Table 1, mean BAO and PAO were
significantly higher in men than in women, while the
average basal pH was significantly lower in men.

The upper and lower 95% confidence limits of
normal for PAO were calculated in men and in
women, using two different methods. The first
method assumed a Gaussian distribution of PAO
values, with upper and lower limits of normal
calculated as the mean plus or minus 1.96 standard
deviations of the mean. The second method simply
eliminated the upper 2.5% and the lower 2.5% of
PAO values. As shown in Table 2, the two methods

TABLE 2. UPPER LIMIT OF NORMAL (ULN) AND LOWER
Livit oF NorMAL (LLN) For PEAK Acip Output (PAO) BY
Two METHODS IN NORMAL REFERENCE GROUP OF 252 MEN
AND 113 WOMEN

Men Women

ULN PAO

Gaussian* 63.5 4.9

Counting 67.6 413

Average 65.6 46.1
LLN PAO

Gaussian 11.3 4.8

Counting 7.0 2.0

Average 9.2 34

*Ganssian = mean * 1.96 standard deviations of the mean;
counting = excluding top and bottom 2.5% of values; average =
average of Gaussian and counting methods.

Digestive Diseases and Sciences, Vol. 36, No. 7 (July 1991)

#101 studies in 22 men and 8 studies in 6 women.
+P < 0.05 vs normal reference group (see Table 1).

gave slightly different upper and lower limits of
normal, probably because the distribution of PAO
was not perfectly Gaussian. Since neither of the two
methods is precise, we defined upper and lower
limits of normal by averaging the results of the two
methods (Table 2). Thus, a man with a PAO < 9.2
mmol/hr or a women with a PAO < 3.4 mmol/hr
was considered to be hypochlorhydric with =97.5%
confidence.

We next established the upper limit of normal for
fasting gastric pH in the individuals with a PAO
within or above the normal range (i.e., those 354
subjects who were not defined as being hypochlor-
hydric). The average of the four fasting pH values
for each of these individuals was examined. pH
values were not normally distributed and, thus, to
obtain 95% confidence limits for the upper pH limit
of normal, the upper 5% of pH values were ex-
cluded. Using this method, the upper 95% one-
sided confidence limit of normal for basal pH for
subjects without hypochlorhydria was 5.09 in men
and 6.81 in women. In other words, one would
expect an average fasting gastric pH to exceed
these values only 5% of the time in subjects with a
normal PAO (95% specificity).

Studies in Hypochlorhydric Subjects. Of the orig-
inal 365 subjects, 28 subsequently developed epi-
demic gastritis with true hypochlorhydria (22 men,
ages 30.0 = 0.7 years and six women, ages 29.3 +
1.7 years). Clinical, histologic, and acid secretory
features of this syndrome have been described
previously (10). Mean BAO, PAO, and average
basal pH for the hypochlorhydric men and women
are shown in Table 3. One hundred nine experi-
ments in these 28 subjects, all in which PAO was
below the lower limit of normal, were available for
analysis. Basal pH exceeded the upper limit of
normal in 95 of 101 experiments in men and in seven
of eight experiments in women (Figure 1). Thus, the
sensitivity of an elevated fasting pH for detecting
true hypochlorhydria was 102/109, or 94%.
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subjects with true hypochlorhydria, defined asa peak acid output

< lower limit of normal (see Table 2). Upper limits of normal for
averagebasalp!-l,deﬁvedﬁ'omsubjectswithanormalpeakacid
output, are shown. Basal pH exceeded these upper limits of
normal pH in 102 of 109 experiments (94%).

DISCUSSION

Achlorhydria has been arbitrarily defined by var-
jous investigators as a fasting gastric pH value
above 3.5 (11, 12), 6.0 (13, 14), 7.0 (15), or 8.2 (16).
In the present study, several healthy men and
women had fasting pH values that exceeded many
of these arbitrary values, despite the fact that these
individuals secreted normal amounts of acid when
they received a parenteral injection of gastrin or
histamine.

When a population of healthy individuals is stud-
ied, the lower 2.5% of the population’s PAO values
can be defined arbitrarily as representing true hy-
pochlorhydria and the remaining 97.5% as repre-
senting normosecretors (95%) and hypersecretors
(2.5%). Using the above definition, we (and others)
have reported that 30-40% of duodenal ulcer pa-
tients are hypersecretors (17, 18).

The major purpose of the present study was to
define rigorously the upper limit of normal for basal
pH in order to determine whether basal pH mea-
surements can predict the presence of true hy-
pochlorhydria, defined as a PAO below the lower
limit of normal. While it was important to define the
upper limit of normal for basal pH in men and
women separately, since men secreted more acid
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TABLE 4. SENSITIVITY, SPECIFICITY, AND POSITIVE AND
NEGATIVE PREDICTIVE VALUES OF AVERAGE BaAsAL pH ror
DETECTION oF TRUE HYPOCHLORHYDRIA®

Basal pH
{upper limit of Predictive
normal) values (%)
Sensitivity  Specificity
Men Women (%) (%) Positive  Negative
509 6.81 94 95 375 99.8
627 11 89 97.5 47.7 99.7
643 192 85 98 52.2 99.6
7.11 8.06 75 9 64.9 99.4
*Sensitivity calculated from results of 109 i in 28
subjects with PAO < lower limit of normal ty calcu-

limit of normal. Positive and negative predictive values calcu-
lated assuming the prevalence of true hypochlorhydria in the
population is 2.5%.

than women, it was not necessary to adjust upper
limits of normal as a function of age. This was
because age did not correlate significantly with
average basal pH in men or women (r = —0.06 and
r = 0.03, respectively). Thus, an elevated basal pH
should have the same significance regardless of the
age of the subject, at least within the range of 18-80
years. In the present study, basal pH exceeded the
95% upper confidence limit of normal in 102 of 109
experiments in 28 individuals with true hypochlor-
hydria. Thus, documentation of an elevated fasting
gastric pH had a 94% sensitivity for detecting bona
fide hypochlorhydria. This 94% sensitivity was cal-
culated by using the average of four consecutive pH
measurements in subjects with hypochlorhydria. If
only the first pH sample was examined, the sensi-
tivity was still 98 in 109, or 90%. Thus, even a single
fasting pH measurement has a high sensitivity for
detecting true hypochlorhydria.

Sensitivity of a test is also a function of specific-
ity. In the present study, we chose to set specificity
at 95%, allowing 5% of subjects with a normal PAO
to have an average basal pH above the defined
upper limit of normal. As shown in Table 4, if
specificity was increased above 95%, decreasing the
number of potentially false positive results, sensi-
tivity fell proportionately. Nevertheless, at 99%
specificity, fasting pH measurements still had 75%
sensitivity for detecting true hypochlorhydria.

The predictive value of a test depends upon the
prevalence in the general population of the condi-
tion in question (in this case, true hypochlorhydria).
Unfortunately, the incidence of true hypochlorhy-
dria in a randomly selected sample of the adult u.S.
population is unknown and thus the positive (or
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negative) predictive values of fasting pH measure-
ments cannot be calculated precisely from the data
presented in this report. Furthermore, there is no
universally accepted definition of hypochlorhydria.
If the prevalence of hypochlorhydria is, as we have
assumed in this study, 2.5%, then one can calculate
positive and negative predictive values from our
data. As shown in Table 4, positive predictive
values ranged from 32.5% to 64.9% as specificity
was increased from 95% to 99%, while the predic-
tive value of a negative test remained high (>99%).
Thus, if specificity is set at a high level, measure-
ment of fasting pH is a useful screening test for the
detection of individuals likely to have true hy-
pochlorhydria.
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